Abstract The P2X 7 purinoceptor is unique amongst the P2X receptor family in that its activation is able to stimulate the release of mature, biologically active interleukin-1β (IL-1β), as well as a variety of other proinflammatory cytokines. Coupled with the predominate localisation of this receptor to immunocytes of haemopoetic origin, this receptor is an obvious candidate to play a major and pivotal role in processes of pain and inflammation. Using genetically modified animals that lack the P2X 7 receptor, several investigators have shown that these mice do indeed demonstrate a blunted inflammatory response, and fail to develop pain following both inflammatory and neuropathic insult. These animals also show altered cytokine production in response to inflammatory stimulus, which is far broader than merely modulation of IL-1β release. In this short article, we review the role of the P2X 7 receptor in modulating the release of cytokines and other mediators, and discuss the findings made from P2X 7 receptor-deficient animals. As well as highlighting outstanding questions regarding this intriguing receptor, we also speculate as to the potential therapeutic benefit of P2X 7 receptor modulation.
Introduction
The P2X 7 receptor is an unusual member of the P2X receptor superfamily. Like the other channels, P2X 7 is an ATP-gated non-selective cation channel, but this receptor differs from the other members in several important ways. First, the C-terminal domain of the P2X 7 receptor is some 200 amino acids longer than the other members, a feature that has been hypothesised to confer some of the unusual functional properties of this receptor. Secondly, the P2X 7 receptor can function as a bifunctional receptor, which, depending on receptor expression and duration and intensity of stimulation (Chessell et al. [1] ), appears either as a non-selective cation channel, or as a large, non-selective pore with permeability to molecules of molecular mass up to ∼900 Da. Uniquely in this receptor family, activation of P2X 7 can also activate caspase 1, which causes rapid release of mature, biologically active interleukin-1β (IL-1β (Colomar et al. [2] ). Whilst the P2X 7 receptor was initially thought to be localised only to cells of the immune system (Collo et al. [3] ), more recent studies suggest a more diverse distribution (e.g., Narcisse et al. [4] ; Zhang et al. [5] ), although some doubts have been raised regarding the specificity of the tools sometimes used to establish this localisation (Sim et al. [6] ).
Given the localisation and properties of the P2X 7 receptor, it is perhaps not surprising that recent data suggests a pivotal role in initiating or maintaining an inflammatory response. Whether wholly dependent on this or mediated by other P2X 7 mediated transductional events, this receptor also appears to play a pivotal role in the induction or maintenance of both neuropathic and inflammatory pain. Here we review these data, and speculate as to the potential therapeutic indications that P2X 7 receptor antagonists may address.
The P2X 7 receptor as a regulator of inflammatory mediators
As above, P2X 7 receptors are found predominantly expressed in cells of hemopoietic lineage, including monocytes, macrophages and lymphocytes. Upon appropriate activation, this receptor is reported to regulate a variety of pro-inflammatory cellular signalling events and has been proposed to serve as a regulator of inflammation based on its ability to initiate post-translational processing of leaderless cytokines such as IL-1β and IL-18 (Hogquist et al. [7] ; Sanz et al. [8] ). At present it is not completely clear whether these events depend on the "large pore" form of the receptor, but there is some data to suggest that very brief activation of the receptor is sufficient to initiate cytokine release (Chessell et al. [9] ). Upon inflammatory insult, immune cells generate large quantities of pro-IL-1β but very little mature biologically active cytokine is released from the activated cells. Perregaux and Gabel [10] were the first to demonstrate that ATP potentiates the post-translational processing and release of IL-1β from lipopolysacharide (LPS) primed cells. Since then many studies, both in vitro and in vivo, have demonstrated the requirement of exogenous ATP to produce large quantities of active IL-1β and the subsequent impact of this on the inflammatory response (Griffiths et al. [11] ; Solle et al. [12] ). However, the absence of suitable selective pharmacological tools has hampered full elucidation of the role P2X 7 plays in this process. Thus, we and others have generated P2X 7 -deficient mice to demonstrate that absence of the receptor leads to loss of ATP-dependent immune functions (Chessell et al. [1] ; Labasi et al. [13] ).
Solle and colleagues were the first to report that in vivo administration of ATP to LPS primed P2X 7 receptor −/− mice failed to generate significant levels of IL-1β release from peritoneal macrophages (Solle et al. [12] ). In contrast, wild-type littermates showed a 10-fold increase in biologically active IL-1β levels. The release of IL-1β is thought to initiate a signalling cascade leading to the up-regulation of various other inflammatory mediators such as cyclooxygenase-2 (COX-2), IL-6 and tumour necrosis factor α (TNFα). Importantly, this group went on to demonstrate that IL-6 production was also greatly reduced (3-fold reduction) in the P2X 7 −/− mice following exposure to LPS and ATP, suggesting that blockade of IL-1β release could impair cytokine signalling cascades in vivo. This work was further supported by Labasi et al. [13] . Here, blood samples from P2X 7 −/− mouse and wild-type controls underwent challenge with either ATP or the P2X agonist, Bz-ATP, following LPS treatment in vitro. Results similar to those above were obtained with P2X 7 −/− mice showing an absence of IL-1β release compared to wildtype controls.
LPS-induced IL-1β release was also examined in thioglycollate-elicited macrophages from both P2X 7 −/− and control animals (Chessell et al. [1] ). Six hours following stimulation with LPS, cultures were stimulated with Bz-ATP and 30 min later IL-1β was measured in cell supernatants. No significant release of IL-1β was detected using cells from the P2X 7 −/− animals whilst IL-1β levels peaked at 700 pg/ml in the control cells following LPS and BzATP treatment (Fig. 1) .
To further elucidate the effect of P2X 7 loss on the global inflammatory response, we profiled local and systemic cytokine levels in P2X 7 −/− and P2X 7 +/+ animals 0, 1 and 7 days post intraplantar Freund's complete adjuvant (FCA) challenge. Profiling of P2X 7 +/+ paw samples revealed a sustained increase for all cytokines tested (IL-10, IL-1β, IL-6, MCP-1, TNF-α), with only the increases in IL-1β and IL-10 being significantly attenuated in the P2X7 −/− animals across the whole timecourse, indicating that the effect of P2X 7 receptor ligation on down-regulation of cytokine levels local to insult may be quite selective (Table 1 ). In contrast, the IL-6 response was enhanced in P2X 7 −/− animals, suggesting potential compensatory changes.
These data indicate that P2X 7 −/− animals demonstrate an attenuated cytokine response to FCA challenge. Although the release of IL-1β from P2X 7 −/− paws is significantly reduced at both 1 and 7 days post-FCA-injection as compared to control animals, there was no deficit in IL-1β mRNA expression in the P2X 7 −/− paws over the time-course studied, indicating normal transcriptional regulation of pro-IL-1β in these animals ( Fig. 2 ). As such, the P2X 7 −/− animals appear to have a normal immune capability at the transcriptional level but they possess a deficiency in their ability to process pro-IL-1β in response to an inflammatory stimulus. This correlates with the observation that the P2X 7 −/− animals possess normal nociceptive processing but lack the ability to develop inflammation induced hypersensitivity. A potential mechanism of action may be proposed whereby deletion of P2X 7 in vivo is sufficient to block processing of mature IL-1β and as a consequence block initiation or maintenance of pathological changes in response to inflammatory insults. This proposal is further strengthened by the observation that systemic inflammation following FCA challenge is abolished in P2X 7 −/− animals. This study also demonstrated that the levels of cell-free IL-10 are significantly reduced in P2X 7 −/− animals as compared to WT across the time course. The reason for the decrease in an 'anti-inflammatory' cytokine in the P2X 7 −/− animals is not yet clear. However, studies in macrophages derived from IL-10-deficient animals demonstrate higher levels of TNF-α production upon activation (Gazzinelli et al. [14] ) indicating an inverse relationship. This is further supported in the present study, where a transient increase in levels of TNF-α in the paw samples was also observed in the P2X 7 −/− animals (correlating with a transient increase in TNF-α gene expression over the time course), indicative of a synergy between P2X 7 , IL-1β, IL-10 and TNF-α. It also raises the interesting possibility that P2X 7 may act directly upon IL-10, as seen with IL-1β and IL-18 (Mehta et al. [15] ). These observations have been extended by Fulgenzi et al. [16] who demonstrated reduced IL-10, MCP-1 and IL-8 levels in inflamed vessels following FCA injection into rat paw following local use of periodate oxidised ATP (oATP). These pro-inflammatory chemokines mediate recruitment of neutrophils, T-cells and monocytes/ macrophages into the inflamed tissues and this data once again may link P2X 7 activation to the inflammatory process. However, it should be noted that while oATP is considered an effective antagonist of P2X 7 , it has been reported that currents at P2X 1 and P2X 2 receptors are also affected (Humphreys et al. [17] ). The hypothesis that P2X 7 may directly modulate IL-10 and TNF-α as well as IL-1β is supported by studies on human P2X 7 receptor polymorphisms. These investigations have revealed a polymorphism-dependent modulation of LPS-induced TNF-α and IL-10 levels in human blood (Denlinger et al. [18] ). Blood samples from individuals with a reduced capacity for monocyte P2X 7 "large pore" formation produced lower levels of TNF-α as compared to the high pore activity group following stimulation of the samples with LPS for 6 or 24 h (cytokine levels assessed by ELISA). This coincided with higher levels of IL-10 in the low "pore" group and no difference in IL-1β. Although these changes are different to those observed in P2X 7 −/− animals following FCA injection, it is now important to try and elucidate fully the mechanism whereby P2X 7 channel activity and/or large pore formation ability affects LPSinduced IL-10 and TNF-α production, as has been examined for IL-1β. Importantly, regardless of mechanism, these data suggest that in the future, relative levels of specific cytokines in the blood may serve as a surrogate marker to predict predisposition to inflammatory diseases.
More recently, the signalling events involved in posttranslational processing and release of IL-1β from cells following P2X 7 activation have been investigated. IL-1β and IL-18 are inactive until cleaved by caspase-1. ATPstimulation of P2X 7 results in the rapid activation of caspase-1 in macrophages and the release of mature, biologically active, IL-1β into the culture medium within 15 min (Mackenzie et al. [19] ; Kahlenberg et al. [20] ). It has now been demonstrated that P2X 7 receptor activation of caspase-1 is dependent on the pre-stimulation of macrophages with microbially derived ligands for Toll-like receptors (TLR2/4/9) such as LPS and is dependent on de novo protein synthesis (cyclohexamide blocks the ability of LPS to prime cells for P2X7-dependent caspase-1 activa- tion) via the NF-kB pathway (Kahlenberg et al. [21] ). To date the proteins that facilitate efficient coupling of caspase-1 activation to P2X 7 stimulation are unclear but their identification may provide interesting alternative therapeutic targets for inflammatory diseases. One molecule that may be involved in controlling P2X 7 activity is regeneration and tolerance factor (RTF; Derks and Beaman [22] ). RTF is the alpha-2 isoform of the alpha subunit of the vacuolar ATPase proposed to regulate activity of the ATPase complex. RTF is expressed on the surface of activated lymphocytes, constitutively expressed on macrophages and is thought to regulate both IL-10 secretion (Lee et al. [23] ) and apoptosis (Boomer et al. [24] ). Anti-RTF antibodies enhance ATP-stimulated IL-1β secretion from macrophages, block surface ATPase activity and permeability of the cell to PI. These results suggest that RTF may modulate IL-1β secretion from immune cells by controlling activation of P2X 7 . Additional studies have demonstrated a role for P2X 7 in immune cell apoptosis. Bulanova et al. [25] have shown that addition of extracellular ATP in the millimolar range induced activation of P2X7 expressed on murine mast cells, resulting in the rapid but transient phosphorylation of ERK, Jak2 and STAT6. In addition, ATP stimulation increased expression levels of IL-4, IL-6, IL-13 and TNF-α and these effects could be blocked by pre-treatment of the cells with oATP or KN-62 (a selective blocker of human and mouse P2X 7 ). Taken together, the data reviewed here indicates that P2X 7 plays a critical role in the development of inflammation via modulation of inflammatory mediator production. As such, drugs that block P2X 7 directly, or interact with proteins that modulate P2X 7 activity, may have the potential to treat a broad range of inflammatory diseases, including pain associated with inflammation. The role of P2X 7 
in pain and inflammation-in vivo studies
The in vivo investigation of the role of P2X 7 in inflammation has been hampered by a lack of selective compounds acting at this receptor (see Baraldi et al. [26] ). However, some work has been published reporting effects of oATP in rats treated with FCA (Dell'Antonio et al. [27, 28] ). FCA causes a long-lasting hyperalgesia, demonstrated by a reduction in paw withdrawal thresholds. Injection of oATP into the treated paw significantly reversed this hyperalgesia, indicating a putative role for the P2X 7 receptor. However, oATP is known to have actions at receptors other than P2X 7 , so it is not possible to unequivocally link the action of oATP with P2X 7 inhibition in these studies. Given the lack of selective compounds, the development of the P2X 7 receptor knockout mouse (P2X7 −/−) has allowed for the investigation of the role played by this receptor in inflammation using in vivo animal models. To date, three reports of such work have appeared.
As mentioned previously, the first study (Solle et al. [12] ) reported that the administration of ATP to LPS primed P2X 7 receptor −/− mice failed to generate significant levels of mature IL-1β following peritoneal lavage as compared to the wild-type littermates. No further in vivo data was reported, with the exception of the fact that the P2X7 −/− mice appeared to be healthy and fertile. Labasi et al. [13] also demonstrated that ATP/BzATP stimulation of LPSprimed blood samples from P2X 7 −/− mice in vitro resulted in markedly less IL-1β release as compared to wild-type controls. These authors went on to examine the response of the P2X 7 −/− mouse in a monoclonal antibody (mAb)-induced arthritis model. Here mAbs against collagen were injected into the mice, which were then injected with LPS. Following this, wild-type mice developed a severe arthritic phenotype, which was assessed using a scoring system for arthritis outcome measures. Under this system each limb was graded and given a score of 1-4. Mean maximum severity was then calculated. In these studies, mean maximum severity scores of 7 were obtained in wild-type mice. However, the maximum mean score observed in P2X 7 −/− mice was significantly less (<3). Investigations of cartilage structural integrity were also carried out. This showed that whilst in the wild-type mice all joints subjected to mAb-induced arthritis were affected, the P2X 7 −/− mice showed a much lower incidence of pathology.
The behavioural phenotype of the P2X 7 −/− mouse was investigated further by Chessell et al. [1] . In this latter paper, IL-1β levels were examined following the administration of Bz-ATP to LPS primed plated cell cultures, as discussed above. The effect of P2X 7 deletion on the behavioural phenotype of the mice was demonstrated in models of both inflammatory and neuropathic pain. In the first model, P2X 7 −/− mice along with wild-type littermate controls were treated with intraplantar FCA and assessed for changes in mechanical hypersensitivity using a weightbearing averager. Whilst wild-type mice showed a long lasting hypersensitivity when compared to baseline readings, no difference was observed in P2X 7 −/− mice, indicating a lack of inflammatory response. In the model of neuropathic pain, mice underwent surgery to partially ligate the sciatic nerve (Seltzer et al. [29] ). Again a significant level of hyperalgesia was observed in wild-type mice to both a thermal and a mechanical stimulus, whilst no significant changes were seen in the P2X 7 −/− mice. Whilst, in the light of the altered cytokine production in the knockout animals, the lack of development of pain in the inflammatory model is perhaps not surprising, the phenotypic differences in the neuropathic pain model were more unexpected. Whether this phenotype is also resultant on altered cytokine production, or some other alteration in signalling is not known. However, in some neuropathic pain models, the initial development of the pain is driven by an inflammatory neuritis around the injured nerve, so it could be hypothesised that the lack of development of pain in the neuropathy model is again a direct result of an impaired inflammatory response in the knockout animals.
Taken together, these data indicate that the P2X 7 receptor does appear to play a pivotal role in the development, or maintenance, of pain associated with both inflammation, and nerve injury. The use of selective antagonist tools, which are now becoming available (Alcarez et al. [30] ), will help to elucidate the temporal role of P2X 7 in these disease models, as well as answering any issues regarding the potential for compensatory changes in knockout animals.
Discussion
The unique properties of the P2X 7 receptor, in terms of its role in mediating the release of biologically active cytokines, and also its localisation to cells of haemopoetic origin, makes this receptor an obvious candidate to play a pivotal role in the inflammatory process. Given that many inflammatory mediators, including the cytokines, IL-1β and TNF-α, are able to directly sensitise, or activate, sensory afferents, it is perhaps no surprise that this receptor also appears to play a key role in the induction or maintenance of pain of both inflammatory and neuropathic origin (Chessell et al. [1] ).
Whilst intensive research efforts are beginning to address the mechanisms by which the P2X 7 receptor mediates some of its effects, many questions remain unanswered. The exact mechanisms by which the P2X 7 receptor undergoes transformation from a conventional ion channel to the large pore form remain elusive, although it is hypothesised that the pore and channel are separate entities (Schilling et al. [31] ), or that there exists both an intrinsic and extrinsic large pore that is activated by P2X 7 (Jiang et al. [32] ). Nonetheless, it is clear that this transition from channel to pore is not necessarily an absolute requirement for the release of mature IL-1β (Chessell et al. [1] ), although the events required for the release of TNF-α and IL-10 are less clear. The actions of the increasing number of cytokines whose release is modulated by the P2X 7 receptor are better understood; in most cases these cytokines are potent sensitisers or activators of sensory nerve terminals (and thus contribute to the generation of pain signalling), and most also induce expression of further downstream inflammatory mediators, or enzyme capable of producing them (e.g., nitric oxide synthase, cyclooxygenase-2, superoxide products, nerve growth factor; Woolf et al. [33, 34] ; Samad et al. [35] ; Parvathenani et al. [36] ). Interestingly, some studies have also demonstrated that release of the "antiinflammatory" cytokine, IL-10, is impaired in P2X 7 −/− animals (Chessell et al. [1] ), which may either be resultant in changes in concentrations of TNF-α, or perhaps modulated more directly via the P2X 7 receptor.
The phenotypic effects of knockout of the P2X 7 receptor seem to be clear-animals do not develop behaviourally measurable pain following either inflammatory or neuropathic insult (Chessell et al. [1] ), and the incidence and severity of disease in a model of rheumatoid arthritis is significantly attenuated (Labasi et al. [13] ). Both of these findings are startling and unusual; there are very few studies describing the abolition of pain in any other receptor knockout animals, and such reduction of incidence and severity of arthritis without general immunocompromisation is also unusual. However, in both of these studies, it could not be established, for obvious reasons, whether the pivotal role of the P2X 7 receptor was in the induction or the maintenance of the pathophysiology associated with these experimental insults, or perhaps both. It is also important to bear in mind possible compensatory mechanisms in continuous knockout animals, which may have a bearing on the resultant phenotype. The temporal relationship between activation/inhibition of the P2X 7 receptor, and development or maintenance of inflammation and pain could be addressed using inducible knockout systems, or perhaps more readily with selective antagonist molecules. It is anticipated that these questions will be addressed over the next few years using either of these approaches.
The lack of development of neuropathic hypersensitivity in the P2X 7 −/− animals was perhaps a little more surprising, as neuropathic pain is not dogmatically associated with overt tissue inflammation, and the role of inflammatory mediators in this pain state is less well established. However, several studies hypothesise or demonstrate the role of proinflammatory cytokines in the induction and maintenance of neuropathic pain (see Lindenlaub and Sommer [37] ). Thus, axonal injury does result in proliferation of inflammatory mediators (see Holden and Pizzi [38] ), which include those associated with P2X 7 receptor activation. Taken together with the demonstration that the P2X 7 receptor has also been shown to be upregulated in tissues from chronic neuropathic pain sufferers, the role of this receptor in this disease state does become more tenable.
The data reviewed in this manuscript suggest that the P2X 7 receptor could be an important upstream regulator of the inflammatory and pain cascades. Identification and modulation of such upstream processes for therapeutic intervention has proved to be challenging; in some cases discovery of suitable molecular tools has proved to be intractable (e.g., small molecule IL-1β antagonists), and in others the pleiotropic effects of modulating the upstream regulatory machinery has limited the therapeutic benefits in the clinic (e.g., p38 MAP kinase inhibitors). The ability to truly modulate both inflammatory and neuropathic pain, as well as inflammation itself, with small molecule P2X 7 antagonists remains to be proven, but data so far suggest a promising future for this receptor in the treatment of diseases as diverse as Alzheimer's disease and inflammatory bowel disease.
